r Ageing is associated with hearing loss and changes in GABAergic signalling in the auditory system.
Introduction
Hearing loss is the third most prevalent chronic condition in older Americans (Yueh et al. 2003) . Despite great strides in the amelioration of ageing-related hearing loss through the use of peripheral hearing aids, older adults often continue to have substantial difficulty in real life, multi-talker, situations (Humes, 2007) . These continuing difficulties may arise from a general inability to suppress distracting information found during normal cognitive ageing (Gazzaley & D'Esposito, 2007; Gazzaley et al. 2008; Healey et al. 2008) . Consistent with this hypothesis is a large body of animal literature showing that synaptic inhibitory mechanisms in the auditory system are particularly vulnerable to ageing (Gutierrez et al. 1994; Ling et al. 2005; Burianova et al. 2009; Schmidt et al. 2010) . In part, these changes in central inhibition may reflect a compensatory, homeostatic response to the decreased peripheral sensory input common with age (Caspary et al. 2008; Norena, 2011; Hébert et al. 2013; Gold & Bajo, 2014) .
Changes in molecular and electrophysiological inhibitory properties have been found at multiple levels of the ageing auditory system. The ageing cochlear nuclei show lower glycine levels and altered glycine receptor subunit compositions (Banay-Schwartz et al. 1989) . Functional changes include a loss of on-characteristic frequency inhibition and altered temporal responses Caspary et al. 2006 ). The inferior colliculus shows declines of glutamic acid decarboxylase (GAD) and GABA levels, as well as reduced levels of GABA release (Milbrandt et al. 1994 (Milbrandt et al. , 2000 . This decrease in inhibition may be the cause of the decreased response latencies and increased spontaneous activity seen in the aged inferior colliculi of mice (Simon et al. 2004; Longenecker & Galazyuk, 2011) . The auditory cortex (AC) shows declines in both mRNA and protein expression of GAD, as well as changes in wild-type receptor proportions with ageing (Ling et al. 2005; Caspary et al. 2013) . These changes may contribute to layer-specific increases in spontaneous activity seen disproportionately in the upper layers of primary AC and which are consistent with molecular data showing a disproportionate loss of GAD levels in the supragranular layers of rat primary AC (Ling et al. 2005; Hughes et al. 2010) .
Due to the highly interconnected nature of structures at all levels of the auditory system, it is particularly difficult to know the origin of the above-described changes seen with ageing. In the AC in particular, it is unclear if the changes seen with ageing are due to the degraded peripheral hearing apparatus or due to a combination of this and resulting changes in the various nuclei that provide its input.
To isolate the effects of ageing on the thalamocortical synapse from changes in cortical responses simply related to ageing-related changes in peripheral input (Zettel et al. 1997; Jacobson et al. 2003; Sha et al. 2008; Parthasarathy et al. 2010 Parthasarathy et al. , 2014 , we have employed a brain slice preparation in which afferent fibres from the auditory thalamus are partially preserved and can be stimulated in isolation of subnuclei to produce responses in the AC (Cruikshank et al. 2002; Takesian et al. 2012) . AC activation was measured using flavoprotein autofluorescence, which permits the measurement of neural activity with high sensitivity and spatial resolution, without the potentially confounding factors present when using exogenous dyes, such as differential uptake or dye toxicity (Shibuki et al. 2003; Llano et al. 2009 ). The stability of the flavoprotein autofluoresence signal makes it particularly suitable for exploring pharmacological differences quantitatively across experimental groups (Middleton et al. 2011; Llano et al. 2012) , and thus provides a unique opportunity to explore population-level ageing-related changes in synaptic inhibition. Given the evidence for ageing-related GABAergic changes, we employed a blocker of GABA A receptors (SR95531) in our test procedures. To measure potential changes in the redox state of tissue from aged animals, as well as monitor slice health, we measured the redox ratio of the tissue at various time points during the experiment. This ratio has previously been shown to reflect tissue health (Mayevsky, 1984; Gerich et al. 2009; Matsubara et al. 2010; Sepehr et al. 2012; Staniszewski et al. 2013) .
Methods

Mice
The CBA/CAj strain was used because of its gradual ageing-related hearing loss (Zheng et al. 1999; Ohlemiller et al. 2010) . Due to factors such as animal death or the availability of certain data from prior data sets, the number of animals differs between different analyses and the numbers of animals used in each case are indicated in the figures and/or text. A total of 50 male mice, obtained through the National Institute on Ageing aged rodent colonies, were used in these studies, although not all mice were used for all experiments. Several mice were lost after auditory brainstem responses (ABRs, see below) were obtained. The full, primary data set (imaging, redox ratios, hearing and cortical thickness) comprised 29 animals. Three animals were eliminated during the post-hoc analysis, two young and one aged, because of minor damage to the AC during the slicing procedure which affected the flavoprotein signal and one aged because of a bowel obstruction and fragile health at the time of slicing. The young group comprised 14 animals: four at 4 months, four at 5.5 months, five at 9 months and one at 13 months of age. The aged group comprised 12 animals: four at 20 months, five at 22 months, two at 23 months and one at 28.4 months. More animals were available for measures of cortical thickness. Eight animals from our previous study (Llano et al. 2012 ) without hearing threshold measurement (two at 2 months and six from 24 to 30 months) were analysed, giving 37 animals in total for this data set. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Illinois. All animals were housed in animal care facilities approved by the American Association for Assessment and Accreditation of Laboratory Animal Care.
Auditory brainstem responses
ABRs were obtained at frequencies of 4, 8, 16, 32, 45 and 64 kHz as well as broadband noise. It was not possible to obtain all frequencies for all animals. Animals were anaesthetized with 100 mg kg −1 ketamine + 3 mg kg −1 xylazine intraperitoneally before the insertion of two subdermal electrodes, one at the vertex and one behind the left ear. Stimuli were presented using a Tucker-Davis (TDT) system 3 (Alachua, FL, USA), ES1 free field speaker, with waveforms being generated by RPvdsEx software. The output of the TDT speaker was calibrated at all the relevant frequencies, using a Bruel and Kjaer type 4135 microphone and a Bruel and Kjaer measuring amplifier (Model 2610; Copenhage, Denmark). Each frequency was presented for 5 ms (3 ms flat with 1 ms for both rise and fall times), at a rate of 2-6 Hz, varied within each animal, with a 100 ms analysis window. Raw potentials were obtained with a Dagan 2400A amplifier (Minneapolis, MN, USA) and preamplifier headstage combination, and filtered between 100 and 3000 Hz. An AD Instruments (Colorado Springs, CO, USA) power lab 4/30 system was used to average these waveforms 500 times. Significant deflections, assessed via visual inspection, within 10 ms after the end of the stimulus were deemed a response. All traces were reviewed by a single investigator and no attempts were made to cross-validate these thresholds. Despite this, the tone and noise threshold changes with ageing observed in this study are similar to those seen previously using this mouse strain (Ohlemiller et al. 2010) . To keep ABR measurements within 3 months of final imaging experiments, ABRs were redone 5 months after the first set on three animals. Both sets of ABRs on those three animals at different ages were included in the ABR data set, bringing the final number of observations to 45. Thirteen of these animals either died from anaesthesia or died during housing prior to final experiments. Twenty-five of 26 of the animals in the full, primary data set had ABRs measured using noise, 8, 16 and 32 kHz, while one older animal only had a measurable response to noise and 8 kHz. Hearing threshold in response to a noise stimulus was chosen as the main hearing metric because all animals had a measurable ABR to noise and because a principal components analysis showed that noise thresholds were essentially interchangeable with virtually any combination of pure-tone thresholds or thresholds averaged across frequencies (data not shown).
Brain slicing
We modified the thalamocortical brain slice preparation developed by Cruikshank et al. (2002) to increase the likelihood of retaining the lateral extent of thalamocortical afferents to the left AC. To ensure maximum slice viability, mice were initially anaesthetized with ketamine (100 mg kg −1 ) + xylazine (3 mg kg −1 ) intraperitoneally and perfused with chilled (4°C) sucrose-based slicing solution (in mM): 234 sucrose, 11 glucose, 26 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 10 MgCl 2 , 0.5 CaCl 2 . Brains were blocked by removing the olfactory bulbs and the anterior 2 mm of the frontal cortex with a razor blade. The brain was then tipped onto the coronal cut and an off-horizontal cut was made on the dorsal surface, removing a sliver of brain angled at 20 deg from the horizontal plane. This increase in cutting angle of the thalamocortical slice has also been employed previously in older gerbils (Takesian et al. 2012) . The brain was then glued onto the cut angled surface, and 600 μm thick sections were taken. Sections were incubated for 1 h in 32°C incubation solution (mM: 26 NaHCO 3 , 2.5 KCl, 10 glucose, 126 NaCl, 1.25 NaH 2 PO 4 , 3 MgCl 2 and 1 CaCl 2 ) before being imaged. After incubation, slices were transferred to a chamber with an elevated slice platform so that the tissue could be perfused from both above and below with artificial cerebrospinal fluid (ACSF, mM: 26 NaHCO 3 , 2.5 KCl, 10 glucose, 126 NaCl, 1.25 NaH 2 PO 4 , 2 MgCl 2 and 2 CaCl 2 , 22°C and bubbled with 95% oxygen/5% carbon dioxide).
Stimulation, imaging and drug application
Glass micropipettes filled with ACSF, and broken back to an external diameter of 75 μm, were used for stimulation. Whenever possible, the same electrode was used to reduce variability. Due to the considerable variability in capturing the thalamocortical afferent bundle at the level J Physiol 594.1 of the thalamus (Broicher et al. 2010) , stimulation was performed in the white matter below the AC. The electrode was lowered onto the white matter 150-200 μm ventral to the AC and 50-100 μm rostral of the hippocampus (Fig. 1A) . Pulse trains were delivered using PowerLab software and hardware and a World Precision Instruments (Sarasota, FL, USA) stimulus isolator. Trains were 1 s in duration, with 2 ms pulses, delivered at 40 pulses per second. This train was delivered every 20 s, with five repetitions in total.
Endogenous flavoprotein (FAD+) autofluorescence was used as an indicator of neural activation (Shibuki et al. 2003) . A stable DC fluorescence illuminator (Prior Lumen 200; Prior Scientific, Rockland, MA, USA) and a U-M49002Xl E-GFP Olympus filter cube (excitation: 470-490 nm, dichroic 505 nm, emission 515 nm long pass) were used for fluorescence optics. A coverslip was placed over the slice to minimize the effect of fluid fluctuation on imaging (Fig. 1B) . All data were collected at 4 frames per second using an infinity-corrected Olympus MacroXL 4× objective (NA 0.28) and a Retiga EXi camera using 4 × 4 binning and StreamPix software. NADH imaging was performed using a Semrock Sirius A 000 cube with 350-390 nm excitation and 415-465 nm emission. Redox ratios were expressed as a ratio of FAD+ to NADH (Sepehr et al. 2012) .
The concentration of SR95531 (6-imino-3-(4-methox yphenyl)-1(6H)-pyridazinebutanoic acid hydrobromide; Tocris, Ellisville, MO, USA) was 150 nM, which is slightly higher than estimates of the synaptic IC 50 for SR95531 (Lindquist et al. 2005) . In all cases, SR95531 was dissolved in ACSF just prior to the experiment. After washing in SR95531 in ACSF for 1 h, several stimuli were applied to the fibre bundle to assess for stability of the AC response. Once stability was observed, experiments were started (typically producing a total wash-in time of 1.5 h).
Analysis
For each run, a total of 420 images, binned 4 × 4 to a final size of 260 × 348 pixels, were collected. The first 5 s (20 frames) functioned as a baseline for the subsequent images. All image analysis was done using custom software written in MATLAB (The Mathworks, Inc., Natick, MA, USA). Time-based analyses were done by computing the change in fluorescence as a function of baseline fluorescence (Fig. 1C) . Time series for each pixel were corrected for quenching by high-pass filtering each time series using a high-frequency cutoff of 0.025 Hz. A series of stimulation amplitudes were used, ranging from 5 to 450 μA, and an input-output curve was constructed. Input-output curves generally resembled a sigmoidal function, and therefore a traditional, four-parameter dose-response curve was fit using a custom program in SAS (SAS Institute Inc., Cary, NC, USA). Note that in some cases the slope of the input-output function appeared shallower at low amplitudes (see e.g. Fig. 4 ), particularly in older animals. Nevertheless, we continued to use a four-parameter model, rather than a higher order model, to avoid overfitting. In addition, by using this model, we, if anything, underestimated the leftward shift of the input-output function that is described in the Results section.
From the fit curves, the minimum, maximum, midpoint (EC 50 ) and slope could be extracted (see Fig. 3I ). Each of these parameters probably reflects a different underlying biological process. For example, the maximal response is probably a reflection of the total amount of synaptic input to a particular region of interest (Llano et al. 2009 ), while the slope may reflect the ability to recruit axons of different diameters as stimulation strength is increased (Kiernan et al. 2001) . Although absolute threshold was not measured here, EC 50 is a comparable metric and is probably related to underlying excitability of the stimulated axons (Kiernan et al. 2001) . Outliers, specifically at the highest stimulation amplitudes, can have a large effect on the curves. Outliers are produced as a result of several experimental factors, such as random fluctuations in flow rates in the chamber, or due to order effects from stimulation (which is why ordering of stimulus amplitudes was randomized). We eliminated these outliers by first fitting the curves, then taking the residuals and discarding any point with a residual more than 2 standard deviations from the mean. The process was repeated until no outliers were detected. As a result of this process, 2.87% (17 of 593) of the data points were removed as outliers. These parameters in the different conditions (control ACSF, SR95531 and ratio of response under SR95531 to control ACSF conditions) were then analysed as dependent variables.
Our primary region of interest (ROI) contains primary auditory fields and was generated using a combination of activation data and anatomical data. The activation area in our slices (see Fig. 3A -H) overlaps with parvalbumin staining in the thalamocortical slice used to distinguish primary auditory fields from non-primary (Llano et al. 2012) , with the area identified as receiving topographic projections being the ventral division of the medial geniculate body (Hackett et al. 2011) and also seen to be activated after inferior colliculus stimulation in the colliculo-thalamocortical slice (Llano et al. 2014) . However, we do not attempt to distinguish the primary auditory fields (primary AC and/or anterior auditory field) and therefore refer to this region more generally as AC. The rostral-most extent of the ROI was defined by drawing a line from the subcortical white matter to the pia along the rostral edge of the columnar flavoprotein activation profile without GABA A blockade. This line was then extended along 2 mm of cortex in the caudal direction (Cruikshank et al. 2002; Hackett et al. 2011) .
The AC ROI was also used to evaluate the ratio of FAD+ fluorescence to NADH fluorescence (redox ratio) over the course of the experiment as a surrogate marker for tissue health. At several time points throughout the experiment, several frames of baseline FAD+ and NADH fluorescence were taken sequentially. These frames were obtained in between stimulus runs. Of these, three frames were averaged and the ROI for the AC was used to find the average pixel intensity in the composite image. The average intensities were then divided to yield the final ratio. This ratio was compared between young and old animals at 12 time points during the experiment. To measure the sensitivity of this redox ratio to oxidative stress, we exposed a slice to three increasing concentrations of H 2 O 2 and two increasing concentrations of NaCN to show both dose-dependent increases and decreases in the ratio, respectively. Cortical thickness was evaluated by drawing a line tangent to the rostral-most extent of the hippocampus, from the white/grey matter border of the cortex to the pia (see Fig. 1A for an illustration of where cortical thickness was measured).
Statistics
Given the relatively small numbers of animals in each group, non-parametric statistics were used for most group-wise comparisons. Given the non-uniform distribution of ages in the study (mostly young or aged animals, with few in between), pairwise comparison was done for most analyses. All pairwise comparisons used a two-tailed Wilcoxon rank sum test. All P values and correlation coefficients reported for correlations are Spearman correlations. For measurement of the impact of age on cortical thickness, linear regression with a 95% confidence interval was performed to extract variables of interest such as the slope of cortical thickness decline with age indicating the mean decline per year. Multiple linear regression was used to test relative contributions of age, hearing loss and cortical thickness. Age, hearing and cortical thickness were included as independent variables and the adjusted R 2 values for their inclusion were compared. To evaluate whether FAD+/NADH ratios were different at any point during the experiment, we employed a repeated-measures ANOVA assuming mixed effects. All statistical analysis was generated using SAS software, Version 9.4 of the SAS System for Windows.
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Results
Hearing
Consistent with previous work, CBA/CAj mice show V-shaped ABR threshold curves with greatest sensitivity around 16 kHz, and an increase in threshold with ageing ( Fig. 2A) (Zheng et al. 1999) . The increase in threshold was similar across all frequencies tested. The young animals in our experiments had a mean threshold to hearing threshold stimulation of 27.4 dB SPL (SD 4.9) while the aged animals had a mean threshold of 46.4 dB SPL (SD 19.7, P<0.0001, Fig. 2B ).
AC activation differences
The input-output functions in both control ACSF (Fig. 3A-D) and SR95531 (Fig. 3E-H ) resembled a sigmoidal function (Fig. 3I ) in both young and aged animals. Qualitative comparison of the averaged input-output functions of young versus old animals under control and SR95531 conditions suggests that these curves have different shapes. Under control conditions, the input-output curves for aged animals appear to have a lower EC 50 and shallower slope than young animals (Fig. 4) . Exposure to SR95531 shifts both curves upward and to the left, although the degree of upward shift appears less pronounced in aged animals, suggesting diminished sensitivity to GABA A blockade with ageing. These trends are quantitatively compared below.
The maximum activation in the control condition did not differ between old and young animals (Fig. 5A ). In the control ACSF condition, the mean AC response for young animals was 6.04% (SD 1.58, n = 14) above baseline and 5.29% (SD 1.23, n = 12) for aged animals; the difference was not significant (P = 0.25). However, the third quartile and maximum were higher in young animals (7.24%and 8.53% for young vs. 6.33 and 6.54% for aged). Thus, for the young mice the upper range of the maximum peak under control conditions extends beyond that in the aged mice. In the presence of SR95531, there was significantly greater activation in the AC of young animals than in older animals (8.7% (SD 1.87, n = 14) vs. 6.12% (SD 1.52, n = 12), P = 0.003, Fig. 5B ). As we have done previously (Llano et al. 2012) , the ratio of the response to stimulation under SR95531 to the response under control conditions was used as an indicator of the sensitivity of the AC to GABA A blockade. This was done to mitigate baseline differences across animals. This ratio was about 30% higher ( Fig. 5C ; P = 0.004) in the young animals (1.51 (SD 0.32, n = 12)) than in the aged (1.16 (SD 0.18, n = 14)), suggesting a greater sensitivity to GABA A ergic blockade in young animals.
Two other parameters of the fitted sigmoid curve (EC 50 and slope) were examined similarly, with the hypothesis that ageing-related changes in cortical GABAergic function may either shift this function laterally (EC 50 ) or change the recruitment pattern of thalamocortical putative afferents (slope). The mean EC 50 in the control ACSF condition was significantly higher in younger animals (130.5 μA (SD 32.7, n = 14)) than for aged animals (91.3μA (SD 39.4, n = 12, Fig. 6A ; P = 0.008)). EC 50 differences also remained significant (P = 0.01) with an aged mean of 63.0 μA (SD 33.4) and a young mean of 103.9 μA (SD 33.04) under conditions of GABA A blockade (Fig. 6B) , although the ratio of these was not different (P = 0.121), and had nearly completely Figure 2 . Hearing thresholds A, changes in hearing threshold, as measured using ABRs in response pure tones at frequencies of 4-64 kHz, as a function of age. The colour bar corresponds to age of animal in months. B, mean hearing threshold, measured using ABRs in response to broadband noise, in young versus aged animals.
overlapping distributions (Fig. 6C) , suggesting similar sensitivities of EC 50 to GABA A blockade in young and aged animals. To approximate the threshold for responding to a weak stimulus, the EC 10 was computed from the and caudal (C). F-H, progressively increasing amplitudes of stimulation in SR95531 ACSF. I, sigmoid curves fit to all data points from this animal in both the control ACSF condition and SR95531 condition. Red lettering and arrows show the locations for maximum and EC 50 for the SR95531 curve, as well as the portion of the curve where the slope was derived. Activation shown here is relatively high, but representative of the data seen in this study. fitted input-output curves. The EC 10 was also smaller in aged animals than younger animals (41.0 μA (SD 29.6), n = 12, vs. 71.1 μA (SD 29.2), n = 14; P = 0.014), suggesting a greater sensitivity to weak signals in older animals.
We also compared the slope in the control ACSF condition, for which the young mean was 3.57 × 10 −2 % μA -1 (SD 0.84, n = 14) and the aged mean was 2.26 × 10 −2 % μA -1 (SD 0.60, n = 12), and found that older animals have a shallower slope in the control condition ( Fig. 6D ; P = 0.001). Exposure to SR95531 caused both slopes to increase, such that the slopes were no longer significantly different (P = 0.350, Fig. 6E ), and that their sensitivities to GABA A blockade were similar because their ratios were not significantly different (P = 0.463, Fig. 6F ).
Impact of cortical thickness and hearing loss
Cortical thickness was measured in the rostral margin of the AC, and animals were included in this analysis from a previous study (Llano et al. 2012) , which were imaged in the same way as the current study. Decline of cortical thickness with age was found to be linear with a slope of −0.073 mm year -1 (R 2 = 0.60, P < 0.0001, n = 37; Fig. 7 ). Given the relationship between ageing and hearing loss (Fig. 2 ) and cortical thickness (Fig. 7) , we examined the strength of the association between age (in months), cortical thickness (in mm) or hearing loss (in dB SPL) with sensitivity to SR95531 for maximum, EC 50 and slope (Table 1) . We found that the best predictor of sensitivity to GABA A ergic blockade for the maximum response was cortical thickness (P < 0.001, R 2 = 0.469, n = 26, Spearman's correlation). Note the borderline P-values for hearing threshold when correlated to maximum activation and EC 50 . Given the modest correlations between hearing threshold and these two variables (Spearman's rho = 0.361 and 0.340, respectively), our study had a power of approximately 60% power of detecting statistical significance with an alpha value of 0.05. This finding suggests that at a sample size of 28, we cannot exclude the possibility that there is J Physiol 594.1 a significant correlation between hearing threshold and these two variables.
A multiple regression model was used to assess the impact of combinations of independent variables on the sensitivity to GABA A ergic blockade on the maximum response. Inclusion of hearing loss or cortical thickness in the model containing age revealed that only cortical thickness increased the performance of the model. Inclusion of hearing loss had no additional impact on the ability to predict changes in sensitivity to GABA A ergic blockade (baseline adjusted R 2 = 0.184 with only age as a predictor, adjusted R 2 = 0.150 with hearing loss + age, adjusted R 2 = 0.227 with cortical thickness + age). For EC 50 and slope, similar to age, neither hearing loss nor cortical thickness served as a significant predictor of sensitivity (ratio) to GABA A ergic blockade (Table 1) . Additionally, for all non-sensitivity/ratio-dependent variables (maxima, EC 50 , slope), in both conditions (control and SR95531), models with cortical thickness and age were in all cases superior (higher adjusted R 2 values) to those with age alone and those with age and hearing (data not shown).
Redox ratios
As a way to test for potential differences in the health of slices taken from young versus aged animals, redox ratios were measured both at baseline and over the course of the experiment to monitor slice health (Fig. 8A) . The use of redox ratios is based on findings that redox ratio is correlated to tissue health across several different tissue types including the brain (Mayevsky, 1984; Gerich et al. 2009; Matsubara et al. 2010; Sepehr et al. 2012; Staniszewski et al. 2013) . During the course of the experiment, the redox ratios do tend generally to decline (repeated measures ANOVA, P < 0.0001), although there were no differences between young and aged ( Fig. 8 , P = 0.139). Note that there are fluctuations in the redox ratio that correspond to different experimental conditions. When redox ratio was assessed in between electrical stimulation runs under control conditions, there was a gradual drop in the ratio. During the SR95531 wash-in (and when no stimulation was occurring), the ratio appeared to recover. When stimulated again, now under conditions of SR95531 exposure, the ratio again dropped, and recovered during the SR95531 washout, again when no stimulation was occurring. As redox ratio has not yet been established as a measurement of auditory cortex slice health, the sensitivity of redox ratio measurements to substances known to be metabolic stressors was also assessed (Fig. 9) . The administration of three increasing concentrations of H 2 O 2 (0.1, 1 and 10 mM), bath-applied to a slice from a young animal, showed a dose-dependent increase in redox ratio. The addition of two concentrations of NaCN showed dose-dependent decreases in the redox ratio; washes returned the tissue to baseline values. These changes were similar in all regions of the slice. An ROI from off the slice in the image showed only minor fluctuations, probably as a result of reflectance of light from the neighbouring tissue.
Discussion
Summary
In this study, we observed that aged CBA/CAj mice demonstrate changes in auditory cortical responses to putative afferent stimulation when compared to young controls. Without GABA A ergic blockade, the maximum strengths of activation were not different between young and aged brains. However, differences were seen when the tissues were exposed to a low concentration of SR95531; the maximum responses in aged animals showed diminished sensitivity to GABA A ergic blockade. The EC 50 and slope of the input-output curves were both lower in older animals. Hearing loss and cortical thickness were strongly correlated with age, and cortical thickness was a better predictor of GABA A blockade sensitivity for the maximum response than either age or hearing loss. Finally, no significant differences were seen in the redox ratio between slices obtained from young and aged animals. These data suggest ageing in mice is associated with hearing loss, decreases in AC thickness and diminished sensitivity to GABA A ergic inhibition, and that the differences noted in the current study are unlikely to be a reflection of tissue health between slices from young and aged animals.
Methodological considerations
One relevant concern is the tissue health of aged slices at 600 μm. This thickness was used to retain maximal connectivity within the slice. Other groups have had success with such slices at this thickness (Cruikshank et al. 2002; Chang et al. 2005; Luebke & Chang, 2007) and studies using even thicker slices suggest that in slices from young animals central necrosis begins at 800-900 μm (Llano et al. 2014) . Although many studies examining slices from aged animals demonstrate changes compared to young animals in terms of synaptic properties (Luebke et al. 2004; Richardson et al. 2013) , several studies examined parameters of cellular health from aged slices and generally found no difference in resting membrane potential or input resistance (Segal, 1982; Taylor & Griffith, 1993) or spike size, spike overshoot, after-potential and excitatory postsynaptic potentials (Segal, 1982) . In the current experiments, additional precautions were taken to maximize the health of the slices, including perfusing with high-sucrose cutting solution (Aghajanian & Rasmussen, 1989) , and using a double-perfusion slice chamber, as we have described previously (Llano et al. 2014) . We also observed no difference in redox ratio, a surrogate marker of tissue health, between slices from young and aged animals. Although redox ratio has not, to our knowledge, been used previously to assess tissue health in the auditory cortex in brain slices, it has been used for this purpose both inside and outside the nervous system (Mayevsky, 1984; Matsubara et al. 2010; Sepehr et al. 2012; Staniszewski et al. 2013 ). We also determined that redox ratio is a sensitive marker of tissue oxidative stress, as low concentrations of H 2 O 2 and NaCN induce dose-dependent changes in redox signal, as seen previously (Gerich et al. 2009 ). In addition, the redox signal does change over the course of the experiment, as shown in Fig. 8B , and there are fluctuations in redox ratio that correlate with parts of the experiment that presumably cause the most metabolic stress in the tissue (i.e. the portions of the experiment during which electrical stimulation was occurring). The expected direction of change of the redox ratio in these studies has not yet been established. With two different types of oxidative stress (H 2 O 2 and NaCN), the ratio changed in different directions (Fig. 9) , and similar discrepancies have been seen previously with the flavoprotein signal in response to low glucose (increase in signal) versus low oxygen (decrease in signal) (Shibuki et al. 2003; Gerich et al. 2009) . It is certainly possible that ageing produces offsetting changes in the redox ratio, such that there were significant differences in tissue health that were masked by offsetting directions of the redox ratio. However, in these experiments, the patterns of the change in redox ratio between the two populations were virtually identical (Fig. 8B) , suggesting similar sensitivities to metabolic stressors.
Another methodological concern is the use of similarsized ROIs, despite the thinning of the cortex with age. No attempt was made to compensate for the thinning of the cortex, so the ROIs in the aged animals are slightly smaller in area than the young animals. We have, in fact, used several permutations of the ROI, both larger and smaller, and found similar ageing-related changes as described in our main findings (data not shown). Given this, and the fact that the majority of the flavoprotein signal was found near the centre of the ROI, it is unlikely that small differences in ROI area caused any impact in our comparison of young versus aged animals.
A final methodological consideration in the current work is use of electrical stimulation of a white matter path to activate the AC. It is certainly possible that electrical stimulation drives antidromic responses in the AC and that changes in SR95531 sensitivity are related to GABAergic synapses driven by branches of antidromically activated corticofugal neurons. Note, however, that in an identical experimental preparation, we determined that approximately 80% of the signal in the AC disappeared with AMPA and NMDA blockade, suggesting the most of the flavoprotein signal is generated by orthodromic activation (Llano et al. 2012) . This finding suggests that most of the flavoprotein signal analysed in this study is generated by the thalamocortical afferents to the cortex. Nevertheless, it is possible that antidromic activation could (through local collaterals) contribute to the flavoprotein signal and the differential responses seen in young versus aged animals.
Ageing effects and synaptic mechanisms
The main finding of the current study is that ageing is associated with a diminished sensitivity to SR95531 in the aged AC. This is consistent with several other studies demonstrating a loss of GABAergic inhibition in the AC and other central auditory structures with ageing (Gutierrez et al. 1994; Ling et al. 2005; Burianova et al. 2009; Schmidt et al. 2010; Caspary et al. 2013) . Similar declines in inhibition as those seen here could result largely from hearing loss rather than ageing alone (Kotak et al. 2005; Takesian et al. 2009) , and interactions may occur such that ageing may exacerbate insult-induced hearing loss (Miller et al. 1997) . Future studies employing a hearing loss paradigm in younger animals may help to separate the influences of ageing versus peripheral hearing loss.
An alternative explanation for our finding that aged tissue is less sensitive to GABA A ergic inhibition is that SR95531 bound less effectively to its receptor in aged animals, due to, for example, changes in subunit composition of the GABA A receptor. The GABA A receptor subunit composition changes continually with age and relative changes of component subunits are brain region specific (Yu et al. 2006; Caspary et al. 2013) . Complicating this interpretation is that the SR95531-related ageing Figure 8 . A, raw images of FAD+ signal (top) and NADH signal (bottom) from an example young and old animal. The ratio of these images (hence the dividing line) is shown below as a heatmap. Scale bar = 1 mm. Dashed lines represent AC ROIs. B, the redox ratio (FAD+/NADH) in the AC at experimentally relevant time points. Ratio 1, before stimulation; 2, after test stimulations and immediately before series of control stimulations; 3, 50% through stimulations in control ACSF; 4, immediately following conclusion of control stimulations; 5, 10 min after SR95531 washin; 6, 30 min after SR95531 washin; 7, 1.5 h immediately preceding SR95531 stimulations; 8, 50% through SR95531 stimulations; 9, immediately following SR95531 stimulations; 10, washout of SR95531, 10 min; 11, washout of SR95531, 30 min. effects in this study were not uniform across the three imaging variables studied (maximum increase in fluorescence, EC 50 and slope). As described in the Methods, it is likely that these imaging variables provide different information about the cortical response, thus leading to differential sensitivity to GABA A ergic blockade. The mixed impact of GABA A ergic blockade may also be related to heterogeneity in SR95531's effects. SR95531 is considered a competitive antagonist at the GABA site on GABA A receptors, and may also function as an inverse agonist and negative allosteric modulator of GABA receptors (Ueno et al. 1997) . Other studies suggest that SR95531 and GABA may bind to different sites (Lindquist et al. 2005) . Therefore, the ageing-related changes in SR95531 effects seen here may be related to down-regulation of the GABA A receptor and/or changes in subunit composition.
Other neurotransmitter changes in ageing may also contribute to the current findings. In a previous study using a virtually identical preparation, we showed that approximately 20% of the flavoprotein autofluoresence signal in aged animals in the AC disappeared in the presence of APV, suggesting that there is a significant NMDA component to this signal (Llano et al. 2012) . Given the known drop in cortical NMDA receptor density and changes in subunit composition that occur with ageing (Hof et al. 2002; Bai et al. 2004; Magnusson, 2012) , it is possible that the AC signal in aged animals contains a larger proportion of non-NMDA signal than young animals. This could potentially contribute to baseline differences seen between young and aged animals observed in this study, such as EC 50 differences, or to the differences seen when exposed to SR95531, due to repetitive activity. This will have to be examined in future work.
Fibre recruitment
We observed a difference in the shapes of input-output functions from young and aged animals, which opens the possibility that axonal fibre recruitment, excitability or myelination differences may distinguish tissue from young and aged animals. Previous studies in the peripheral nervous system, using simulation paradigms similar to ours, also report ageing-related increases in threshold and decreases in slope (Kiernan et al. 2001; Jankelowitz et al. 2007) . Although absolute threshold was not measured here, EC 10 is a comparable metric and was found to be consistently lower in older animals rather than higher in the aforementioned studies. In this study, a decline in the slope of the input-output function with ageing was observed. In the peripheral nervous system, similar changes in slope are thought to reflect differences in the distribution of axon diameters (Kiernan et al. 2001) . Supporting this idea, there is evidence for axonal damage and demyelination in vivo in the AC of ageing humans with presbycusis, via decreases in N-acetylaspartate + N-acetylaspartylglutamate (Profant et al. 2013) . Therefore, our observed ageing-related declines in slope in the control condition may have to do with ageing-related widening of the distribution of axon fibres and their subsequent recruitment. Both loss of small (Chase et al. 1992 ) and large diameter axons (Fortune et al. 2014) , in isolation, have been seen with ageing. One potential implication of the leftward shift of the input-output functions is that the ageing AC may actually have an increased sensitivity to weak signals emanating from the thalamus, which may correlate with the known sensitivity to weak or distracting sounds that occurs in presbycusis (Tun et al. 2002; Helfer & Freyman, 2008) .
We also observed ageing-related decreases in cortical thickness, which has also been described in humans across multiple studies (Sowell et al. 2003; Salat et al. 2004; Thambisetty et al. 2010) as well as rats (Ouda et al. 2003) . The rate of decline in the current study (approximately 73 μm year −1 ) is less than that described in rats (approximately 200 μm year −1 ), where cortical thickness was estimated after tissue processing and, presumably, shrinkage occurred. Note that shrinkage may differ in young and old brains (Haug et al. 1983 ). In the current study, the tissue was not processed prior to measuring thickness and may represent a more accurate measurement of thickness. Interestingly, in the current study cortical thickness, which in humans correlates strongly with host cognitive functions (Milad et al. 2005; Choi et al. 2008; Dickerson et al. 2008) , correlated more strongly to GABA A blockade sensitivity of the maximal activation than did either chronological age or hearing threshold (Table 1) . These data suggest that cortical thickness may be a more appropriate biological mediator of the ageing process and that the highly variable phenotypes often seen with ageing may be explained, in part, by cortical thickness. In addition, because ageing-related decreases in cortical thickness are not thought to be related to loss of neurons, and are more probably due to decreases in synaptic density (Haug et al. 1983; Terry et al. 1987; Masliah et al. 1993; Dumitriu et al. 2010) , our data suggest that ageing is associated not with loss of GABAergic neurons in the AC, but rather loss of GABAergic synaptic density or synaptic transmission.
Conclusions
The current findings add to the growing literature demonstrating that presbycusis is associated with disrupted inhibition in the central auditory system. The use of a brain slice establishes that at least part of the previously described ageing-related changes in AC are local. Additional work will be needed to separate the impact of hearing loss from ageing effects on the changes observed in this study.
